Based on structure-activity relationship studies, auxin analogs that can be covalently bound to a polymeric support are proposed. Molecular modeling studies were carried out by com paring different parameters of substituted phenoxyacetic acids with their auxin activity. A good correlation of the activity with the size and shape of the HOM O orbital of the acids was found. Accordingly, analogs with a substituent in the 5 position o f the aromatic ring, capable to be bound to a polymeric matrix were synthesized and their auxin activity was evaluated with the wheat coleoptile elongation test. Compounds with a hydroxymethyl-and with a carboxymethyloxy-substituent were active in this test. Their use as probes for the 2,4-D receptor is proposed.
Introduction
Theories on auxin structure-activity correlations have been widely reviewed, (Muir and Hansch, 1955; Katekar, 1979; Edgerton et al., 1994) . Hypo thetical receptor sites on specific cellular recogni tion proteins are proposed, which bind the hor mone and initiate a sequence of events (signal transduction) , that culminate in a characteristic physiological or biochemical response.
Three approaches have been used for auxin structure-activity correlation studies: the activity m easurem ent of adequate series of compounds and estimation of the m olecular characteristics which determ ine their activity; binding studies with suitable compounds on isolated receptors and lastly, m olecular modeling studies.
Studies by Porter and Thimann (1965) , Wain and Fawcett (1969), K aethner (1977) , Lehmann (1978) and K atekar and Geissler (1983) , resulted in models of auxin binding sites and had the long- term purpose of knowing the chemical nature of receptors, which might assist in their isolation and characterization.
On the other hand, a large num ber of auxin binding proteins located in more than one type of cellular membranes have been reported (Jones et al., 1998; Libbenga et al., 1986) . They are charac terized as A B P's (auxin binding proteins) by their susceptibility to covalent photolabeling by tritiated azido-indole-3-acetic acid (Venis and Napier, 1985) . The multiplicity of auxin binding sites opened the problem of auxin site modeling for re investigation.
ABP1 is one of the best-studied binding p ro teins. Ray (1977) , m easured dissociation constants of 45 auxin analogs with ABP1, his data on auxin binding represent the only intensive characteriza tion of a single auxin-binding site analyzed in vitro published to date. With these data, Edgerton et al. (1994) modeled the auxin-binding site of' the m aize' ABP1. These researchers proposed an auxin phytophore that incorporates the key struc tural features of the three compounds that bind the protein with the highest affinity: NAA (naphthylacetic acid), N2AA (2naphthylacetic acid) and IA A (indoleacetic acid). The ABP1 binding site according with these authors, consists of a plat form to which the indole or naphthalene rings bind and a somewhat flexible region, which interacts with the carboxylic acid group.
A clear correlation between the biological activ ity and the auxin affinity constants is apparent in Ray's work (1977) , however, one of the highest discrepancies of the model is the low affinity of 2,4 D which has a large auxin activity and does not have a significant binding. Several other com pounds among those assayed by Ray (1977) clearly dem onstrate the pitfalls of bioassay based m ea surements in constructing receptor models.
Molecular modeling techniques have proven use ful in aiding the identification and design of bioac tive compounds. The use of semi-empirical m eth ods for calculating the frontier orbitals of IA A and aryl substituted phenoxyacetic acids in relation with auxin activity, tended to implicate the LUMO (lowest unoccupied molecular orbital) at the ortho position of the aromatic ring in the mechanism of binding (Block and Clements, 1975) , Block et al., (1977) carried out calculations with the INDO method (interm ediate neglect of differential overlapp) on a series of 5-substituted indole-3-acetic acid derivatives and found that the Mulliken bond order calculations of the N-H bond in these com pounds did not reflect their auxin activity. The re sults did not correspond to observed N-H stretching frequency changes either. The ground state triplet oxygen would be capable of addition across the 2 -3 bond of the indole in a ring opening reaction, but the calculated HO M O orbital was almost the same magnitude in all the auxins.
Russian researchers determ ined the electron configuration and molecular potential of IAA using CNDO-2 and Molpot-2, respectively, and found that the carboxyl C and O had the largest positive and negative charges respectively, and that the molecule had three local extreme of mo lecular potential. These data were discussed in re lation to auxin activity and interaction with recep tors (Ramishvili et al., 1990) . Cohen and Bandursky (1982) had shown that auxin conjugates are storage forms that are hy drolyzed to the free horm one as required. Duddeck et al. (1989) and Kojic-Prodic et al. (1991) studied the conformation of the lateral chain of IA A conjugates in an attem pt to explain the in teraction of free and bound auxin in some plant systems. They found that the IA A 's lateral chain does not change significatively in the conjugates, although their lipophylicity varies considerably and might explain their poor physiological activity.
In this work, with the recent developm ent of computer aided molecular modeling and con sidering the controversial topic of structure-activity related to auxin receptors, a general study was carried out of the properties which could be rele vant for auxin activity. The objective of this study was to propose new analogs of 2,4-D that could be covalently bound to a polymeric support in order to permit the isolation of the 2,4-D-receptor, which according to R ay's data (1977) might be dif ferent to the IA A receptor. The analogs were syn thesized and their biological activity was m ea sured.
Materials and Methods

M olecular modeling
All calculations were perform ed using the 2.4-Dichloro-5-hydroxyphenoxyacetic acid (II): 2,4-Dichlororesorcinol (1.033 g, 5.8 mmol) in an hydrous ethanol was made to react with 0.3 g (5.4 mmol) of potassium hydroxide in 10 ml of an hydrous ethanol. 0.708 g (7.93 mmol) of chloroacetic acid in anhydrous ethanol was added during one hour. After refluxing 30 hours, the solvent was evaporated; the residual crystalline solid was dis solved in 5% NaOH solution and extracted with ethyl acetate. After acidification of the aqueous phase, 2,4-dichloro-5-hydroxyphenoxyacetic acid was filtered and recrystallized from dichloromethane-hexane. Yield 30%. m.p. 161-162 °C. IR. (KBr) vs (1754, C = 0; 1198, C-O), s (3406-3120, O-H), m (740, C-Cl) cm " 1. PMR (90 MHz, DCC13) 6 4.63 (s, 2, CH 2), 5.62 (s, 1, OH), 6.55 (s, 1, CH), 7.28 (s, 1, CH), 10.5 (s, 1, COOH).
5-Acetoxy-2,4-dichlorophenoxyacetic acid (III): 70 mg (0.3 mmol) of (II) was acetylated with acetic anhydride / NaOH according to Vogel (1978) 5-(Carboxymethoxy)-2,4-dichlorophenoxyacetic acid (IV): 4 g (100 mmol) of NaOH were made to react with 2 g (11.2 mmol) of (I) in 50 ml anhy drous ethanol until disolution, followed by 6.3 g (67 mmol) of chloroacetic acid in anhydrous etha nol. A fter refluxing 50 hours, the solvent was evaporated, the residue acidified (pH 2) and the solution extracted with ethyl acetate. The organic extract was evaporated and the product was recrystallized from ethyl acetate. Yield 79%. m.p. 2.4-Dichloro-5-(hydroxymethyl)-phenoxyacetic acid (XI): A wet solid mixture of sodium phenolate and sodium chloroacetate was obtained by neutralization of a mixture of phenol (X) (50 mmol) and chloroacetic acid (50 mmol) with a solution of sodium hydroxide (50%) (50 mmol) and evaporation of water in vacuum. The mixture was irradiated 16 minutes in a commercial micro wave oven (350-420W ), (Villemin and Hammadi, 1996) . The mixture was redissolved in 2 ml of water, acidified to pH 3 with hydrochloric acid and collected by filtration as a white solid. Yield 60%. m.p. 162-164 °C. IR (KBr) vs (1738, C = 0 ), s (3358, O-H; 1204, C-O-C), m (686. C-Cl) cm "1. PMR (90 MHz, DCC13 + DMSO) 6 3.3 (s, 2, C H 2), 3.8 (s, 1, OH), 4.8 (s, 2, O C H 2CO), 7.1 (dd, 2, / = 3 and 8 Hz, CH), 9.5 (s, 1, COOH).
5-Carboxymethoxy-2,4-dichlorobenzyl acetate (XII):
A solution of BF3 E t20 (1.7 |il; 0.01 mmol) in A c20 (0.13 ml) was added dropwise to a sus pension of XI (17 mg; 0.07 mmol) in TH F (2 ml) with stirring under ice cooling. A fter stirring 1 h under the same conditions, the reaction mixture was evaporated to dryness, neutralized to pH 7 with sodium bicarbonate solution and extracted with chloroform. The residual brown crude pro duct was recrystallized from chloroform-cyclohexane. Yield 86%. m.p. 139-140 °C. IR (KBr) vs (1740, C = 0 ), s (3350, O-H; 1236, C-O-C), m (696, C-Cl) cm "1. PMR (90 MHz, DCC13) 6 2.05 (s, 3, CH3), 4.35 (s, 2, CH2), 4.7 (s, 2, CH2), 6.9 (s, 1, CH), 7.3 (s, 1, CH), 9.0 (s, 1, COOH).
Biological methods
Seeds of wheat ( Triticum aestivum , variety Gal vez M-87) from CEVAMEX (Campo Experim en tal del Valle de Mexico), INIFAP, were used in this work. Seeds were grown in moist cotton during 70 hours at 24 °C in darkness. A fter 50 hours of imbibition, the seedlings were selected for size. Each experiment was carried out at room tem per ature and with minimum light.
Auxinic activity measurement. W heat coleoptile elongation test
Excised sections of 6 mm long of coleoptiles 2 cm long were cut with a sharp blade under red illumi nation (10 watts) eliminating the top 3 mm of the plantule. A capillar glass tube 0.7 mm diam eter was introduced into the coleoptile segment to eliminate the primordial leaf and to maintain it in a vertical position. Ten coleoptile segments were made to float in 15 ml of solution of each of the synthesized compounds at stated concentration, using Petri dishes of 9 cm of diameter. Experiments were car ried out using distilled water and 2,4-D as controls. A fter 24 hr. at 25 °C in darknes, the length of the sections was measured and the results were ex pressed as a percentage with reference to the length of the water controls. Results in Table I show data of duplicate experiments carried out with all the synthesized compounds at the same time.
Results and Discussion
The objective of this work was to synthesize and test 2,4-D analogs that could be covalently bound to a polymeric support. This binding has to be done either through the carboxyl group, the m eth ylene of the side chain or through one of the three free positions of the aromatic ring. Since the im portance of the free carboxyl group for the auxin activity is well documented, (Wain and Fawcett, 1969 ) and because we had coupled 2,4-D to a Sepharose column by forming an amide with the auxin-carboxyl group and lysine (Perez Flores et al., 1984) and showed that the protein which bind the column is heterogeneous, we eliminated this position for the coupling. Works of other authors, (Kaethner, 1977; Lehmann, 1978; Katekar, 1983) , support the importance of the absence of steric hindrance in the side chain for the maintenance of the activity, therefore, the binding through the lateral chain methylene was also discarded. Bind ing through the 5 position of the aromatic ring was proposed as the best option for the purpose (sub stitution at position 6 according to Wilkins (1969) suppresses the auxin activity and substitution in position 3 reduces this activity) (Smith and Mohsin, 1970) . Before starting the synthesis of presumably active branched analogs of 2,4-D to bind a poly meric support, theoretical molecular modeling studies were performed using the Hyperchem pro gram. A variety of phenoxyacetic acid analogs with different positions and type of substituent were used for the study. Different parameters were considered for their comparison with auxin activity such as log P.\ contact area, molecular vol ume, molecular refractivity, mass, atomic energy, heat of formation, distances between different atoms in the molecules, angles of the side chain, energy of the HOM O orbital, and energy of the LUM O orbital. To perform the study, the confor mation of all the compounds was optimized at a convergence limit of 0.0001 with an ab initio method. An exhaustive search of the global mini mum was performed also by rotating the Ar-O-C angle and the 0 -C -C = 0 torsion angle of the side chain. A good correlation of the activity with the size and shape of the HOM O orbital was found: the inactive compounds have a translapping or bital from the ring or the ortho substituent with the orbital of the ether, and the active compounds did not overlap. Fig. 1 shows the HOM O orbitals of 2,4-dichlorophenoxyacetic acid and of 2,3-dichlorophenoxyacetic acid an inactive acid. It can be seen that the inactive acid has an overlapping H O M O orbital in the lateral chain, whereas the auxin 2,4-D has a separate lateral chain orbital, which is indicated by an arrow.
Two of the target compounds: 2,4-dichloro-5-carboxymethoxy-phenoxyacetic acid (IV Fig. 2 ) and 2,4-dichloro-5 -hydroxymethyl-phenoxyacetic acid (XI, Fig. 3 ) are also shown in Fig. 1 . They had a similar shape and density of the HOM O as 2 -4-dichloro or of 2,4,5-trichlorophenoxyacetic acid, which are active auxins. These comparisons led us to predict that these compounds might have auxin activity. With this information we proceeded to synthesize and test the auxin activity of these com pounds.
The synthesis of the proposed compounds was carried out using resorcinol or anisaldehyde as starting materials.
The route for the synthesis of 5-alkyloxy com pounds starting from resorcinol is shown in Fig 2. Chlorination of resorcinol produced 2,4-dichloro resorcinol (I), which was mono or dialkylated with chloroacetic acid to produce compounds II or IV which were identified by their expected IR and PMR spectra (see chemical methods).
5-Hydroxymethyl derivatives of 2,4-D were ob tained from anisaldehyde through the synthetic route shown in Fig. 3 . m-Anisaldehyde was chlori nated using sulfuryl chloride as in the case of resor cinol. Although the yields were poor, the isolation and purification of 2,4-dichloro-5-methoxybenzaldehyde (VIII), showed the expected physical and spectroscopic constants. The hydrolysis of the m e thoxy group and the reduction of the aldehyde group produced the alcohol X which was made to react with chloroacetic acid by the m ethod of Villemin and Hammadi (1996) using a microwave oven to produce the target compound (XI).
The interaction with a receptor is not the only factor that determines the biological activity; parti tion coefficients are also very important. A modifi cation of the solubilities of some compounds was carried out by making the alcohol or phenol ace tates (compounds III, VI, and XII) or methyl esters of the acids (compounds V, VI, and VII). Seven compounds were tested as auxins using the wheat coleoptile bioassay according to Larque-Saavedra and Rodrfguez-Gonzalez (1993) . This is one of the common ways to determine auxin activity. Table I shows the results of duplicate experi ments carried out with all the synthesized com pounds at the same time. Standard deviation was calculated from the length of all coleoptiles used in both experiments. It can be seen that com pounds VII and XI have a considerable activity, although this activity is slightly lower than the 2,4-D activity. The concentration 10~4m was the opti mum concentration of most compounds. The inac tivity of most compounds might be explained in terms of the absence of a free carboxyl group or in terms of an inadequate partition coefficient, however the inactivity of acetylated XI (com pound XII) is not easy to visualize. The molecular model of the carbomethoxy compound (Fig. 4) as modeled by the Hyperchem program shows that the acid proton is able to form a hydrogen bond with the acetate group oxygen which restricts the free rotation of the acid chain; this might be the reason of its inactivity. In conclusion we suggest that compound IV might be bound to a polymeric support through an esterification; this reaction would produce an ester similar to VII, which might be useful for the isolation of the 2,4-D receptor. Further work is be ing carrying out in this area.
